The Arabidopsis homolog of trithorax, ATX1, regulates numerous functions in Arabidopsis beyond the homeotic genes. Here, we identified genome-wide targets of ATX1 and showed that ATX1 is a receptor for a lipid messenger, phosphatidylinositol 5-phosphate, PI5P. PI5P negatively affects ATX1 activity, suggesting a regulatory pathway connecting lipid-signaling with nuclear functions. We propose a model to illustrate how plants may respond to stimuli (external or internal) that elevate cellular PI5P levels by altering expression of ATX1-controlled genes.
The Arabidopsis homolog of trithorax, ATX1, regulates numerous functions in Arabidopsis beyond the homeotic genes. Here, we identified genome-wide targets of ATX1 and showed that ATX1 is a receptor for a lipid messenger, phosphatidylinositol 5-phosphate, PI5P. PI5P negatively affects ATX1 activity, suggesting a regulatory pathway connecting lipid-signaling with nuclear functions. We propose a model to illustrate how plants may respond to stimuli (external or internal) that elevate cellular PI5P levels by altering expression of ATX1-controlled genes.
epigenetic regulation ͉ lipid signaling P roteins of the trithorax family activate the early homeotic genes that regulate animal development and embryonic pattern formation (1, 2). A major difference in the developmental process in plants is that organ formation is not restricted to the embryonic state, differentiation and organogenesis occurring throughout the lifespan of the organism. In plants, as in animals, homeosis is a consequence of a mutation of a homeotic gene. Usually, homeotic genes encode transcription factors. Unlike the animal counterparts, however, many of the plant homeotic genes belong to the MADSbox family (3) . Despite the difference in structure, plant homeotic genes, like animal counterparts, are controlled by factors belonging to the trithorax family (4) . Mutation of the Arabidopsis homolog of trithorax, ATX1, causes numerous developmental defects in the formation, placement, and identity of flower organs: Petals (second-whorl organs) were seen to develop stems, a third-whorl feature; stamens (third-whorl organs) developed ovules, a fourthwhorl characteristic (4) .
The signature feature of all trithorax proteins is the presence of the highly conserved SET [SuVar (3-9)-E(z)-trithorax] domain. The discovery that the SET domain peptides carry histone methyltransferase activity (5) provided critical evidence that chromatinmodifying activities function as epigenetic regulators. Certain lysines at the histone tails can be either acetylated or methylated, creating recognition sites for cellular repressive or activating complexes (6) . SET domains of the trithorax family can methylate lysine 4 of histone H3, a modification associated with transcriptional activation (7) . The SET domain of ATX1 has histone H3-K4 methyltransferase activity and can activate expression of Arabidopsis genes (4, 8) . Thus, biochemical and genetic evidence define ATX1 as a functional homolog of the animal trithorax genes.
Regulation of homeotic genes is only one possible role for trithorax (9, 10) . In Arabidopsis, atx1 mutants displayed stem-, root-, and leaf-growth defects, indicating that the plant homolog of trithorax has pleiotropic roles (4) . By whole genome expression profiling, we determined that Ϸ1,700 genes changed robust expression as a result of ATX1 loss of function. The altered expression of these genes provides a probable molecular basis underlying the pleiotropic functions of ATX1.
The most important result of the study reported here is the finding that ATX1 can specifically bind the lipid messenger phosphatidylinositol 5-phosphate, PI5P. Phosphatidylinositol phosphates, PtdInsP, are important components of the cell lipid pool that function as intracellular and intercellular messengers in processes mediating plant growth, development, cytoskeletal rearrangements, and signal transduction (11) . The inositol phospholipids can penetrate both hydrophilic and hydrophobic environments and can travel between, and within, cells. Existence of diverse phosphorylated isomers creates selective means for communication and for coordinating cell growth (12) . The monophosphorylated isoform, PI5P, is a distinct minor component of the cellular inositol phospholipid pool that increased its levels in response to hyperosmotic stress (13) . It may serve as a precursor for phosphatidylinositol bisphosphates, PI3,5P 2 and PI4,5P 2 , whose syntheses also increase rapidly when yeast, animal, and plant cells respond to hyperosmotic stress (13) (14) (15) .
Here, we show that the ATX1 interacts with PI5P and that the ATX1-PHD finger is involved in the binding. The plant homeodomain (PHD) peptide is a highly conserved motif, found in many nuclear and chromatin proteins (16) . The PHD fingers belong to several families and may have different functions. For example, the PHD domain of the putative tumor suppressor (ING2) bound PI5P, and to a lesser extent PI3P, whereas the PHD of the repressor Mi2 did not bind any of the tested lipids (17) . The PHD fingers of the polycomb-like protein were involved in protein-protein interactions (18) , whereas the PHD finger of the ACF1 factor bound to histones (19) . Trithorax family proteins carry one or more PHD fingers (20) ; the PHD of ATX1 belongs in a group defined as extended PHD (21) with unknown function.
Exogenous PI5P and ATX1 colocalized inside cells and elevated PI5P shifted ATX1 subcellular location. Identification of a distinct set of genes coregulated by ATX1 and PI5P provided biological relevance for their interaction. PI5P negatively affected ATX1 activity, suggesting that the epigenetic factor was regulated by the ligand. Based on our results, we propose a model of how plants may respond to stimuli that elevate cellular PI5P levels by altering expression in ATX1-controlled genes.
when root, leaf, and flower genes were expressed. The hybridization data for the atx1 samples reported here were obtained as part of a larger experiment involving two additional experimental samples. Results from the robust expression analysis of genes affected by treatment with two lipid signaling molecules (PI5P and phosphatidylinositol 4-phosphate, PI4P) are not included in this study (R.A.V., Y.X., G.L., and Z.A., unpublished work), but relevant issues are discussed. The total numbers of genes detected in eight independent hybridizations (four samples, each tested in duplicate) consistently detected 60% (Ϸ14,800) of all Arabidopsis genes expressed at this developmental stage. In an experiment performed 10 months later, the numbers of detected genes were 61.8% and 62.9% in control samples. The consistency in gene-detection numbers over a long time span confirmed the validity of our data. Quality and reproducibility of the GeneChip hybridizations are shown in Fig. 6 , which is published as supporting information on the PNAS web site. Approximately 12% of the active genes at this stage of Arabidopsis development were affected by the ATX1 loss of function. Approximately 860 genes showed higher expressions, whereas 780 genes showed lower expressions, when compared with wild-type controls (Tables 1 and 2 , which are published as supporting information on the PNAS web site).
Arabidopsis Genes Influenced by ATX1 Loss of Function: Overall
Analysis. Loss of ATX1 function affected a broad spectrum of genes involved in cellular and organismal processes (Fig. 7 , which is published as supporting information on the PNAS web site). The largest proportion of impacted genes was involved in metabolic and physiological processes, followed by genes involved in stimuli response, cell communications, and apoptosis. Distribution of atx1 genes with robustly altered expression, according to the subcellular localization of encoded products (based on the assigned Gene Ontology Cellular Component ID numbers), is summarized in Table 2 , and discussion of atx1-down-affected and atx1-up-affected genes is available as Supporting Text, which is published as supporting information on the PNAS web site. Members of the same gene families were found with both positively and negatively modulated expression levels, underscoring the selectivity of the ATX1 targets, the specificity of its effects, and the fact that members of the same gene family could be antagonistically affected by the same regulator.
ATX1 Is Not a Constitutively Nuclear Protein. Transiently expressed Arabidopsis SET domain GFP fusion proteins localized in the nuclei of onion cells, in accordance with their presumed chromatin functions (22) . Surprisingly, in cells of transgenic lines stably expressing the ATX1-GFP, the fusion protein was observed in the cytoplasm, along the plasma membrane, inside the cytoplasm, and, occasionally, into the nuclei (Fig. 1 ). This observation suggested that ATX1 was not a constitutively nuclear component. Next, we examined the presence of ATX1 in isolated nuclei. Immunostaining with anti-ATX1-specific antibodies revealed that only some nuclei stained positively for ATX1 (Fig. 8A , which is published as supporting information on the PNAS web site). Nuclei devoid of ATX1 stained positively for histone H4, indicating that lack of ATX1 was not an artifact of a general protein loss ( Fig. 8 B and C) . When in the nucleus, ATX1 was associated with chromatin overlapping with both DNA and with histone H4 (Fig. 8D) .
The subcellular localization of ATX1 was nonuniform, suggesting that it might be a tissue or cell-specific event ( Fig. 1 A-C) . In the external tiers of the columella and in the root cap sloughing cells (the final differentiation state of these cells), ATX1 was seen in the cytoplasm and around the nuclei, but rarely inside the nuclei ( Fig. 1 D-F) . Strong signals were documented in perinuclearly aggregated ATX1 in root cap sloughing cells and in the corical cells of the transition zone ( Fig.  1 F and H) . In the elongation zone, ATX1 was seen along the plasma membrane (Fig. 1I, arrowheads) . In the transition zone, ATX1 showed cytoplasmic (Fig. 1B) , perinuclear, and nuclear localization ( Fig. 1 H and J) . Nuclearly localized ATX1 was found in the transition zone and in some rapidly elongating cells of the epidermis and cortex ( Fig. 1 J-L) . In the same roots, nuclearly localized ATX1 could be found in adjacent files, or in a file, surrounded by neighbors depleted of nuclear ATX1 (Fig. 1K) .
The surprisingly variable localization of ATX1 within the cells suggested that the protein was dynamically relocating. We hypothesized that ATX1 localization was a development-and͞or environment-related phenomenon and that presence of ATX1 in different cellular subcompartments reflected changes in response to internal and͞or external signals.
ATX1 Specifically Binds the Phospholipid PI5P. The idea that ATX1 could bind lipid ligands was suggested by the strong similarity of the ATX1-PHD finger with C1-domain peptides known as lipid ligand receptors (23) . ATX1 amino acids 586-662 carry the sequence: HX 19 CX 2 CX 13 CX 2 CX 4 HX 2 CX 6 C, similar to the C1-domain consensus sequence, HX 12 CX 2 CX 13 CX 2 CX 4 HX 2 CX 7 C (24). C1 peptides (i.e., the C1 PKC domain of protein kinase C) bind diacylglycerol (DAG)͞phorbol esters. However, the extended PHD of ATX1 is similar also to the Fab1p, YOTB, Vac 1p, EEA1 (FYVE)-peptide motifs, a specific receptor for PI3P (25) , and the PI5P-binding PHD ING2 (17) (Fig. 2B ).
Simulated models for PHD ATX1 built on available data for C1 PKC (26) and for FYVE EEA1 (27) revealed conserved features (Fig. 2 A) . The superimposed structures of C1 PKC (red) and PHD ATX1 (blue) showed that the peptides might share similar coordination of two Zn 2ϩ atoms connected by two strands of ␤ sheets. DAG͞4-␣-phorbol 12-myristate 13-acetate (PMA) binds the C1 domain in a cleft (26) conserved also in PHD ATX1 . However, a tryptophan residue (W606) inside the substrate-binding pocket in PHD ATX1 makes it shallower. This modification might be responsible for the inability of ATX1 to bind PMA in vitro (see In Vitro Binding Assays). A basic motif (the RKHH motif) conserved in the structure of all FYVE-containing proteins (27) , and the (3K motif) in ING2 (17) forms a pocket required for the ligand binding. In the PHD ATX1 model, the amino acids K 607 , K 631 , and R 633 , form a basic motif of a similar size as that of FYVE and ING2 fingers (Ϸ12 Å; surface model) capable of accommodating a PtdInsP ligand of Ϸ11 Å, the length of PI5P.
In Vitro Binding Assays. To establish whether ATX1 has a true lipid-binding activity, we tested 16 lipids and PtdInsPs prespotted onto membranes by the protein lipid-blot overlay (PLO) assay (17, 28) . After incubating the membranes with recombinant GST-ATX1, followed by GST antibodies to identify bound protein molecules, only one spot yielded a signal (Fig. 3A) . The spot corresponded to PI5P, indicating a very high specificity of the interaction. Experiments with serially diluted PtdInsPs further confirmed the specificity of the binding (Fig. 3B) . As controls, we tested two peptides with previously established ligand-binding specificities. We expressed the PX domain, a specific PI3P receptor, and the PHD ING2 finger, binding PI5P and PI3P (17, 26) as GST fusion proteins and tested ligand binding in parallel with GST-ATX1. In agreement with reported specificities, the PX peptide bound only PI3P, whereas the PHD ING2 finger showed a broader specificity, binding PI5P, PI3P, and PI4P ( Fig. 3 D and E) . GST-ATX1 bound exclusively PI5P.
To define the region involved in the binding, we generated and tested deleted versions of ATX1. Removal of the entire N-terminal half of ATX1 did not affect the lipid binding; the SET domain alone (amino acids 909-1020, without preSET and postSET regions) did not bind PI5P, whereas the extended PHD (ePHD)-SET-postSET peptide bound PI5P as strongly as the whole protein (Fig. 3F) . The results implicate ePHD in the binding of PI5P to ATX1.
Although the similarities in sequence and in tertiary structures between PHD ATX1 and C1 PKC suggested that ATX1 might be able to bind phorbol esters as well, PLO assays did not detect PMA binding with either recombinant or cellular ATX1 (Fig. 3 B and H) . In separate experiments using an alternative protocol (24), we tested a labeled phorbol ester analogue ([ 3 H]phorbol 12,13-dibutyrate). No phorbol ester-binding activity of ATX1 in vitro was detected by this approach (data not shown).
Cellular ATX1 also Binds Preferentially PI5P. To determine whether cellular ATX1 would display affinities similar to the recombinantly expressed proteins, we reacted total cell extracts from 3-week-old plants with membranes carrying prespotted PtdIns and PMA. Ligand-bound ATX1 was identified with antiATX1-specific antibodies (Fig. 3G) . The result illustrated that ATX1 within its ''native'' context also bound exclusively to PI5P (Fig. 3H) .
Genes Coregulated by ATX1 and PI5P: Biological Relevance of the ATX1-PI5P Interaction. To determine whether binding of ATX1 to PI5P might be relevant for Arabidopsis function, we analyzed gene expression affected by the two molecules. An overlapping set of common targets would imply that PI5P and ATX1 work together in the plant. To estimate the specificity of the targets, we analyzed gene overlaps with genomes of plants treated with PI4P, a lipid that did not bind ATX1 in PLO assays.
Cluster analyses of whole genome expression profiles of PI5P-treated and of atx1 mutant plants identified Ϸ240 common genes: 138 down-regulated and 99 up-regulated (Figs. 9 and 10 and Table  3 , which are all published as supporting information on the PNAS web site). Statistical analysis showed a significant coregulation between atx1 and PI5P. The Pearson correlation coefficient is 0.59 (P Ͻ 0.0001, n ϭ 100) for up-regulated genes, whereas the coefficient is 0.47 (P Ͻ 0.0001, n ϭ 133) for down-regulated genes. Only five genes were affected in opposite direction: two genes were PI5P up-regulated but atx1 down-regulated, and three genes were PI5P down-regulated but atx1 up-regulated. Because PI5P affected similarly (up or down) the expression of the shared genes as ATX1 loss of function, we concluded that PI5P negatively controls wildtype ATX1. Distribution of overlapping genes according to assigned Gene Ontology Cellular Component and Gene Ontology numbers are summarized in Table 2 and Fig. 9 .
The specificity of a PI5P-ATX1 pathway was estimated by cluster analyses of atx1-affected and PI4P-affected genes. Shared genes in the PI5P͞atx1 and PI4P͞atx1 fractions would illustrate points of convergence of the two pathways. Venn diagrams indicated that PI5P and PI4P participate in distinct mechanisms and regulate largely nonoverlapping sets; only 17 genes (1 up-regulated and 16 down-regulated) were found in the overlap (Fig. 10) .
ATX1 Shifts Localizations in Response to Increased PI5P Concentra-
tions. The ability of a ligand to mobilize a receptor protein is a criterion for their interactions in vivo (23) . Consequently, we followed the shift of nuclear ATX1-GFP caused by exogenously added PI5P (Fig. 4) . Time-lapse observations over a period of 95 min registered that some nuclei decreased signals, whereas other nuclei lost it almost completely (Fig. 4A Bottom) . The results suggested that elevated PI5P could mobilize ATX1. When treated with PI4P, a lipid that did not bind ATX1 in vitro, the signal remained nuclear.
Western blot analysis confirmed these observations (Fig. 4C) . In mock-treated root cells, ATX1 was detected in both the cytoplasmic and the nuclear fractions. After exposure to PI5P, the nuclear ATX1-specific band visibly diminished, whereas exposure to PI4P did not cause a similar effect, supporting the idea of a dynamic relocation of nuclear ATX1 after exposure to PI5P. Apparently, nuclear and cytoplasmic ATX1 fractions represent the same protein that shifts locations rather than two different entities. Cytoplasmic ATX1 bands were reproducibly stronger, suggesting that endogenous PI5P might favor cytoplasmic localization of ATX1.
A red-tagged derivative of PI5P was used to test whether PI5P colocalized with ATX1-GFP inside cells. An overlap was seen at some, but not all, intracellular locations (Fig. 4B) , reinforcing the idea that the two interact in cells in vivo. Nonoverlapping signals might suggest that ATX1 has been complexed with endogenous PI5P before addition of exogenous PI5P.
A Model for Plants' Responses to External͞Internal Stimuli. Based on our results, we propose a model of a plausible mechanism for the plants' response to environmental and developmental stimuli (Fig.  5) . Plants respond to elicitors that increase the concentration of PI5P (13) by altering expression of relevant genes. Expression of ATX1-regulated genes is, ultimately, controlled by availability and concentrations of PI5P. In cases of genes stimulated in atx1 mutants, the function of wild-type ATX1 would be to silence these genes by keeping active a repressor until developmental and͞or environmental conditions initiate response. Depending on its concentration in the cell, PI5P could instruct derepression of growthpromoting genes by deactivating ATX1. The model illustrates a pathway that translates environmental and developmental stimuli along a messenger (PI5P)-receptor (ATX1) pathway into altered expression of the common target gene set. tions beyond the homeotic genes. About equal numbers of genes decreased or increased expression as a result of ATX1 loss of function defining wild-type ATX1 as an activating and as a repressive factor in Arabidopsis. This result was unexpected because trithorax factors and histone H3-lysine 4 methylations, in general, are associated with gene activation (2, 6, 7) . It is likely that some genes are secondary targets of ATX1 reflecting altered expression of pertinent transcription factors. Indeed, Ϸ60 genes encoding transcription factors were misexpressed (42 activated and 18 silenced) in the atx1 mutants. Earlier, we showed that tissue-specific transcription factors have a dominant control of expression over histone modification patterns (8) . Direct silencing by ATX1 is also a possibility that deserves to be explored. For instance, epigenetic factors previously associated only with activation (histone acetyltransferases) were found to repress transcription directly (29) .
ATX1 is not responsible for genome-wide methylation of histone H3-K4 (8), and microarray data provided further support that ATX1 targeted specific genes. Even within the same family, ATX1 affects selected members. The results imply that same-family genes are under specific control of multiple mechanisms. Different complexes might be recruited in response to specific stimuli to target selectively individual family members, ensuring specific responses to developmental and environmental cues.
ATX1 Is a Receptor for the Lipid Messenger PI5P. Microarray hybridization, biochemical, and microscopic data provide evidence that ATX1 acts as a receptor for the PI5P ligand in Arabidopsis.
ATX1 and PI5P Interact Specifically and Control a Set of Shared Genes.
The common set of genes in ATX1 and in PI5P-treated plants provided evidence for in vivo interactions between ATX1 and PI5P. PI5P, alone, affected Ϸ360 genes, and Ϸ70% of its targets were coregulated with ATX1. For the remaining genes, PI5P participates in pathways bypassing ATX1. On the other hand, ATX1 controls genes by a mechanism not involving PI5P.
Distribution of the common set of genes (Fig. 9 ) outlined a pattern of affected functions similar to that displayed by PI5P alone: Ϸ55% and 56% of PI5P-and PI5P͞atx1-affected genes, respectively, were involved in metabolism, whereas, in the atx1, the respective fraction constituted 33%. Cellular and organismal physiological processes were more affected in atx1 mutants (Ϸ40%) than by PI5P alone (Ϸ20%) of all impacted genes. In the overlap, Ϸ20% of the genes were involved in these functions. It is interesting to note also the differences in the proportion of genes involved in response to stimuli (10% in PI5P; 9.3% in the overlap; 5.6% in atx1) and in cell communication (2.8% in atx1; 9.3% in PI5P; 8.7% in the overlap). Thereby, overall distribution level analyses revealed that effects triggered by PI5P were largely mediated by ATX1 (see Supporting Text for more discussion).
We found also that Ϸ70 genes were coregulated by ATX1 and PI4P, despite the fact that ATX1 did not bind detectably PI4P. This fact suggests that ATX1 interacts indirectly with PI4P. It is plausible, then, that ATX1 functions in a complex with receptors for other ligands (30) . Modularly organized receptor complexes would provide highly specific responses. The ATX1-PI5P coregulated gene set is distinct from the set coregulated by ATX1-PI4P (Fig. 10) , suggesting that mechanisms involving either PI5P or PI4P target different genes. However, the two pathways may converge, in agreement with the idea that individual genes are under multiple controls.
The fact that atx1 and PI5P controlled expression of 240 genes in the same direction (only five genes changed expression in opposite directions) indicates that, in the wild type, PI5P inactivates ATX1.
PI5P Is a Second Messenger in Arabidopsis.
Increased salinity raised the levels of cellular PI5P in plants, triggering pathways involving inositol phospholipid bisphosphates synthesized from PI5P (13). However, it was unknown whether PI5P could act as a ligand on its own or whether its cellular function was solely to serve as a precursor for biphosphate messages. The fact that ATX1 binds PI5P, but not its derivatives (PI4,5P 2 and PI3,5P 2 ), argues that PI5P, itself, serves as a ligand. This conclusion does not preclude existence of other PI5P-involving pathways or a role for PI5P as a precursor for other signaling molecules. Among 360 PI5P-responding genes, only 240 overlapped with atx1-affected genes, suggesting that there are other PI5P receptors in Arabidopsis. On the other hand, ATX1 affects many genes beyond the overlap, indicating that a complex with PI5P is not the only route for ATX1.
Recombinantly expressed and cellular ATX1 preferentially bound PI5P (Fig. 3) , but deletion of the PHD-SET regions aborted the binding. These facts, together with the postulated structure of the PHD finger, implicated the PHD domain in the interaction. There are other members of the trithorax family in Arabidopsis (20, 22) , and it would be interesting to determine whether they can bind any PtdInsP. As an epigenetic factor and chromatin modifier, ATX1 functions in the nuclei. However, its variable localization in different cellular subcompartments, even within cells of the same tissue, indicated that ATX1 did not reside permanently in the nuclei. Finding of ATX1 at the plasma membrane, around the nucleus, and inside the nucleus, suggests that the protein might shuttle between these compartments. Relocation could be triggered by internal or external signals. Shift of ATX1 to the cytoplasm after treatment with PI5P (confirmed also by Western blot assays) suggested that nuclear localization of ATX1 would depend on factors affecting the concentration of PI5P. The latter might be under cell cycle and͞or developmental control. In murine cells, an increase in nuclear PI5P mass has been observed only in the G 1 phase of the cell cycle (31) , suggesting that changes in the levels of PI5P might have major implications for the activity of ATX1 and the expression of the common target genes. The PI5P͞atx1 overlapping genes indicated that PI5P and ATX1 act antagonistically. At a cellular level, PI5P might sequester ATX1 inside the cytoplasm, preventing it from acting on the chromatin. The overlap of exogenously added PI5P and ATX1-GFP inside cells further support this idea. A precedent is class II histone deacetylases regulated by compartmentalization (32) . At a structural level, binding of PI5P to ATX1 may induce a conformational change affecting ATX1 activity. The two mechanisms are not mutually exclusive.
Lipid Signaling and the Nuclear Proteins. Lipid signaling is involved in broader functions than a role at the plasma membrane. ATX1 does not bind the abundant plant PI4P, suggesting that ATX1 is not involved in stable complexes at the plasma membrane.
Lipid kinases have been found at the nuclear membrane and the nuclear matrix, PI4,5P 2 has been found in heterochromatin, and inositol tetrakis-, pentakis-, and hexakisphoshate can bind chromatin modifying complexes (33) (34) (35) , whereas PI5P regulates the tumor suppressor ING2 (17) . Comparison of PI5P-caused effects suggests that PI5P may exhibit opposite affects on the activity of its different nuclear receptors. For example, the tumor suppressor ING2 detaches from chromatin and exits the nuclei at lowered levels of PI5P, indicating that PI5P positively affected ING2 activity (17) . In contrast, nuclear ATX1 is excluded from the nuclei at elevated ligand concentrations, indicating that PI5P negatively effected ATX1 function. Thereby, ATX1 links epigenetic regulation with lipid signaling by its ability to directly bind the ligand. However, this interaction might not be the only way in which the two processes are linked. For example, the ASH2 protein from the trithorax group in Drosophila interacts with a PI4,5P kinase to affect chromatin activity (30) . Protein-protein interactions were reported also for the trithorax SET domain with members of the myotubularin family, MTM (36, 37) . MTM proteins carry a dual-specificity phosphatase motif and a predicted SET domain-binding domain. The significance of a putative MTMtrithorax complex is not clear but suggests intriguing relationships and undiscovered pathways.
Materials and Methods
Plant Material and PtdIns Treatments. The atx1 mutant line and a transgenic atx1 line stably expressing the ATX1-GFP fusion protein, rescuing the atx1 phenotype, were as described in ref. 4 . D-myo-PI5P and D-myo-PI4P (Echelon Biosciences, Salt Lake City, UT) 1 mM stock solutions were made following the manufacture's instructions. Next, 10 l of the stock dissolved in 10 ml of the germination media (final concentration of 1 M), without the agar, were added to the growth media. Controls were treated with similarly diluted solute used for the lipid stock.
RNA Sample Preparation and Microarray Data Analyses. In two independent experiments, RNAs were isolated from atx1 mutant, PI5P-treated, PI4P-treated, and mock-treated wild-type plants, grown and handled under the same conditions. Whole plants, grown for 20 h in the presence of exogenously added drug, were harvested and frozen in liquid nitrogen. In separate experiments, we have established that change of gene expression was stabilized over a period of 8-to 24-h exposure to the lipids (R.A.-V., Y.X., G.L., and Z.A., unpublished work). Samples were prepared following manufacturer's instructions (see Supporting Text).
Three experimental samples (PI5P-treated, PI4P-treated, and atx1 mutant Arabidopsis thaliana) in hybridizations performed in duplicate were analyzed versus each of four independent control preparations from wild-type untreated plants (see Supporting Text). We wrote a computer program to identify genes significantly expressed in PI5P-treated and PI4P-treated samples when compared with wild type and to find overlapping genes that expressed significantly in PI5P-treated, PI4P-treated, and atx1 mutant samples (see Supporting Text).
Recombinant fusion proteins GST-ATX1 and the various deleted versions, GST-SET and His-PHD-SET, were bacterially expressed and affinity purified (4) . The plasmids expressing GST-p40PX and GST-PHD ING2 were expressed and purified following the same protocol.
Protein Lipid-Blot Overlay (PLO) Assays. PtdInsP were from Echelon BiosciencesPMA was from Sigma, and the labeled substrate ([H]phorbol 12,13-dibutyrate) was from ICN Biomedicals. Protein interaction assays were done as described (28) .
Homology Modeling. Simulated models of the PHD ATX1 finger domain (residues 608-667) were built by using SWISS-MODEL, 3D-JIGSAW, and CCP4, based on reported structures for FYVEzinc finger in VPS27 and DAG-zinc-finger of Cys-2 activatorbinding domain in protein kinase C␦ (see Supporting Text).
Confocal Laser Scanning Microscopy. Living roots, unstained or stained for 5 min with 5 g⅐ml Ϫ1 propidium iodide (Sigma), were analyzed under an upright Leica TCS4D (488 nm line of a Kr͞Ar laser) and an inverted Zeiss LSM 510 Meta microscopes (see Supporting Text for details). C-05R16 BODIPY-PI5P-tagged product from Echelon Biosciences was used to illustrate internalization and colocalization of exogenous PI5P.
